Abstract The chronic female disease endometriosis causes debilitating pain and lowered fertility. The aetiology is unknown, but indications of an infectious agent are present. This study investigates the possible involvement of a pathogenic virus in endometriosis patients and controls. DNA was purified from biopsies and subjected to highly sensitive PCR tests detecting human papillomavirus (HPV) types, the herpes family viruses HSV-1 and -2, CMV, and EBV, and the polyomaviruses SV40, JCV, BKV, KIV, WUV, and MCV. The prevalence of pathogenic DNA viruses in the human endometrium was generally low (0-10%). The virus prevalence was found to vary slightly when comparing the endometrium of healthy women and women with endometriosis. However, these were not significant differences, and no viruses were identified in endometriotic lesions. These results do not point towards any evidence that endometriosis is caused by these viruses.
Introduction
Endometriosis is defined as the presence of endometria-like tissue outside the uterus, and it predominantly targets the pelvic organs. The most common symptoms are pelvic pain and infertility. The incidence is estimated to be 6-10%, and its pathogenesis is much debated. The endometrial tissue is believed to enter the pelvic cavity by retrograde menstruation, which occurs to some degree in most women [26] . However, it remains to be elucidated how the misplaced tissue develops into endometriotic lesions. Additional factors that increase susceptibility to endometriosis must exist, and in that respect, immunological factors on their own or together with viral infection might be involved.
Women with endometriosis have an increased risk for generalized diseases related to the immune system, e.g. rheumatoid arthritis [40, 41] . A broad spectrum of immunological factors are involved in endometriosis [41] . Focusing on the important immune-modulating cytokine family of interferons (IFNs), human recombinant IFNa-2b has been shown to suppress the growth of cultured endometriosis cells in vitro in a dose-dependent manner [7] , and clinical trials on intraperitoneal administration of IFNa-2b following surgical removal of endometriotic lesions have yielded ambiguous results regarding reoccurrence of symptoms [1, 2] .
Endometriosis has some features of malignancy, such as local invasive growth and distant implantation, and women with endometriosis have been found to be more prone for malignancies such as ovarian cancer and non-Hodgkin's lymphoma [32] . Cells from ectopic endometriotic lesions have been shown to display reduced apoptosis compared with the eutopic endometrium of both endometriosis patients and healthy women [9] . The implication of malignant transformation and effects of interferons as well as other immune modulators in endometriosis leads to the suggestion of a possible causal infectious agent.
During the last two decades, the large impact of a broad spectrum of pathogenic DNA viruses has become obvious, and a very significant example is the papillomaviruses. More than 118 papillomaviruses have been fully described, and new virus types are constantly emerging. Human papillomavirus (HPV, of the family Papillomaviridae) prevalence in cervical carcinomas is 99.7%, and specific high-risk HPV types have been shown to cause the vast majority of cervical cancers as well as a substantial proportion of other anogenital cancers, head and neck cancers, and certain cutaneous cancers [18, 43, 47] . HPV has not yet been detected in intraperitoneal tissues, but HPV has been detected in blood, including on the surface of peripheral blood mononuclear cells, suggesting a potential alternative route of transmission [13] .
Closely related to the papillomaviruses are the members of the family Polyomaviridae. The well-described human polyomaviruses JC (JCV), BK (BKV) and simian virus 40 (SV40) are widely distributed. Thus, antibodies against JCV and BKV have been found in more than 75% of the human adult population, and up to 15% of healthy humans are seropositive for SV40. These three small DNA viruses have been found in many different tissues, such as BKV in the kidney tubule epithelium, [20] the urethral epithelium, [36] the uterine cervix, and the spleen [36] JCV in tongue squamous cell epithelium, [30] urethral epithelium, [36] and the spleen [12] and SV40 in the liver and the mesothelium [15] . Furthermore, all three polyomaviruses induce tumors in animal models and malignantly transform cultured human cells [33] . In 2007, two new human polyomaviruses, WU polyomavirus (WUV) [25] and KI polyomavirus (KIV) [3] were discovered in respiratory tract secretions and have subsequently been detected in faeces, blood, and lymphoid tissue [34, 39] . The full spectrum of their tissue tropism and their role in disease has yet to be elucidated. More recently, yet another human member of the family Polyomaviridae, Merkel cell polyomavirus (MCV), was described in apparent association with Merkel cell carcinoma, an aggressive form of skin cancer [22] . All of these viruses are members of the genus Polyomavirus of the family Polyomaviridae.
Epstein-Barr virus (EBV, of the subfamily Gammaherpesvirinae, genus Lymphocryptovirus), cytomegalovirus (CMV, of the subfamily Betaherpesvirinae, genus Cytomegalovirus, species Human herpesvirus 5), and herpes simplex virus types 1 and 2 (HSV-1 and HSV-2, of the subfamily Alphaherpesvirinae, genus Simplexvirus, species Human herpesvirus 1 and Human herpesvirus 2) are all members of the family Herpesviridae and found in many human tissue types, such as the fallopian tubes (salpingitis) [31, 37] and the endometrium [37] . These viruses are commonly distributed as asymptomatic infectious agents, but they are also all associated with diseases, such as genital sores and various malignancies [11, 19, 46] . This study investigates the prevalence of a broad spectrum of pathogenic DNA viruses in women with endometriosis and healthy control women, using a series of specific polymerase chain reaction (PCR) assays.
Materials and methods

Subjects and samples
Clinical samples from 52 Danish women were studied. Tissue samples were collected at Odense University Hospital, Denmark, by three gynecologists (UBK, TM, and HR) and stored at -80°C until utilized. Endometriosis samples (E) were obtained from 32 women who were surgically confirmed as having American fertility score (AFS) stage 1 (6/32), 2 (11/32), or 3 (13/32) endometriosis. The diagnoses were done by laparoscopies and verified histologically. Samples were taken from the eutopic endometrium from all 32 women suffering from endometriosis (Eu), and ectopic endometriotic lesions (Ec) were obtained from 27 of the same women by excision with scissor or biopsy forceps. The ectopic tissue came from either one of the ovaries or the peritoneum. Twenty women with no indication of endometriosis who requested sterilization agreed to participate in the study as healthy controls (C). Samples from the endometrium were taken by curettage (vabra aspirator) from both the controls and the women with endometriosis. Cervical smears were tested for the presence of HPV. The mean age (±SD) of the participants was 31.72 (±6.29) years for the E group and 36.45 (±6.17) years for the C group. Collection of clinical material was approved by the local ethics committee, and all of the women gave written informed consent.
DNA was extracted from frozen 10-mg aliquots of endometrial or lesion tissue samples using DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The resulting DNA concentrations were in the range of 9-180 ng/lL with a mean (±SD) of 49.6 (±35.2) ng/lL as measured by OD260, and the purity was measured by OD 260/280 ratio to be within the range of 1.6-2.5.
PCR
To confirm that no PCR-inhibiting agents were present in the DNA extracts, these were all subjected to PCR amplification of a fragment of the human L1 sequence, which is present in more than 10 5 copies in human cells [18] . Twenty-five microliter PCR were mixed containing 5 lL of template DNA, 19 ThermoPol Buffer with 1.5 mM MgCl 2 (NEB, Ipswich, MA, USA), 0.2 mM of each deoxynucleotide (dNTP, Fisher Scientific, Suwanee, GA, USA), 0.8 lM of each of the primers Human L1-F and -R, respectively, and 1 U Taq DNA polymerase (NEB). The sequences of all PCR primers and probes used are given in Table 1 . The PCR was initially denatured at 94°C for 4 min, followed by 35 amplification cycles of 94°C for 60 s, 45°C for 60 s, and 72°C for 60 s. Of the original 27 endometriotic lesion samples, two were not positive for human L1 PCR and were therefore not included in this study.
The degenerate FAP primer pair detects a broad spectrum of HPV types by PCR [23] . The 25-lL reaction mixtures contained 19 GeneAmp PCR Buffer II (Roche, Basel, Switzerland), 3.5 mM MgCl 2 (Roche), 0.2% BSA (NEB), 0.2 mM of each dNTP (Roche), 0.75 lM of each of the primers FAP59 and FAP64, 0.625 U AmpliTaq Gold Polymerase (Roche), and 5 lL clinical sample or control. Both undiluted and ten-fold-diluted samples were tested to ensure that the PCR was not inhibited by template overload. The PCR was incubated at 94°C for 10 min, followed by 40 amplification cycles of 94°C for 90 s, 50°C for 90 s, and 72°C for 90 s.
The GP? primer pair is designed for detecting a wide range of mucosal HPV types by PCR [16] . The 25-lL reaction mixtures contained 19 Standard Taq Reaction Buffer with 1.5 mM MgCl 2 (NEB), additional MgCl 2 (Fermentas, Burlington, Ontario, Canada) to a final concentration of 3.5, 0.2 mM of each dNTP (Fisher), 1 lM of each of the GP5? and GP6? primers, 1 U Taq DNA polymerase (NEB), and 5 lL sample. The PCR was initially denatured at 94°C for 4 min, followed by 40 amplification cycles of 94°C for 60 s, 40°C for 120 s, and 72°C for 90 s. A final extension step of 72°C for 4 min was included to ensure complete extension. A plasmid containing the entire HPV-18 genome was used as a positive control for both the FAP and the GP? PCRs.
A multiplex PCR was used for simultaneous detection of the herpes virus family members HSV-1, HSV-2, CMV, and EBV. The 25-lL mixtures contained 5 lL template, 19 Standard Taq Reaction Buffer containing 1.5 mM MgCl 2 (NEB), 0.1 mM of each dNTP (Fisher), 1.25 U Taq DNA polymerase (NEB), and 0.5 lM of each of the primers HSV-GF, HSV-1-2R, EBV-R, and CMV-R [38] . The template DNA was initially denatured at 94°C for 2 min. After this cycle, 39 thermocycles of 94°C for 30 s, 60°C for 45 s, and 72°C for 45 s were performed. The reaction mixtures were further incubated at 72°C for 10 min. For positive controls, DNA extracts of human tissue samples or cultured cell lines positive for HSV-1, HSV-2, and CMV were used. DNA was extracted as described above from EBV-positive cultured cells kindly donated by Dr. Viviana Lutzky and Prof. Denis Moss from Queensland Institute of Medical Research, Brisbane, QLD, Australia.
For detection of the polyomaviruses JC, BK, and SV40, a nested multiplex PCR was used. For the first amplification, the 25-lL PCR mixtures contained 19 Standard Taq Reaction Buffer with 1.5 mM MgCl 2 (NEB), additional MgCl 2 (Fermentas) to a final concentration of 2.0, 0.2 mM of each dNTP (Fisher), 1.25 U Taq DNA polymerase (NEB), 5 lL sample, and 0.4 lM of each of the primers PM1? and PM1- [21] . The PCR was initially denatured at 94°C for 2 min, followed by 40 thermocycles of 94°C for 30 s, 61°C for 60 s, and 72°C for 45 s. A final extension step of 72°C for 5 min was conducted. For the nested amplification, the same reaction conditions were used except using only 1.5 mM MgCl 2 and 1 lL of the first amplification PCR as template. Also, 0.4 lM of the forward primers BK?, JC?, SV?, and 0.5 lM of the reverse PM2-primer were used [21] .
BKV and JCV were used, and DNA was extracted as described above from the SV40-infected COS-1 cultured cell line (ATCC, Manassas, VA, USA).
Sterile distilled H 2 O was used as a negative control template for all reactions, and PCR master mixes were made in a strictly DNA-free environment to avoid contamination. Templates were added in a separate sterile environment, and all PCRs were carried out using a Thermo Hybaid P9E PCR machine. All PCR products were analyzed using agarose gel electrophoresis made with 19 TAE buffer (Amresco, Solon, OH, USA) and stained with 10 lg/mL ethidium bromide (Sigma-Aldrich, St. Louis, MO, USA). 1.5% agarose (Bioline, Alexandria, NSW, Australia) was used for standard PCR products and 2% for multiplex PCR products. The bands were visualized under UV light and photographed using GelDoc software (Bio-Rad, Hercules, CA, USA).
WUV and KIV were detected using previously published real-time PCR (rtPCR) assays (WU-B & C, and KI-A & B, respectively) [10] . MCV was also detected by rtPCR, and positive results were confirmed by the previously described LT3 and VP1 assays [22] and visualized by UV electrophoresis. Supplementary HSV-1 and -2 testing was performed using a duplex of previously published rtPCR assays for HSV-1 [45] and HSV-2 [43] . All rtPCR assays used a common PCR mix and protocol. Briefly, the rtPCR consisting of 12.5 ll Quantitect Probe PCR Mix (Qiagen), 10 pmol of each primer, 4 pmol of each probe and 2 ll of template in a 25-ll final reaction was performed in either a Rotorgene 6000 (Qiagen) or a LightCycler 480 (Roche) under the following conditions: a 15-minute incubation at 95°C, followed by 45 cycles of 95°C for 15 s and 60°C for 60 s. Clinical extracts were used as positive controls for the WUV, KIV, HSV-1 and HSV-2 assays, while synthetic oligonucleotides were used as the controls for the MCV assays.
Cloning and sequencing
Upon positive HPV detection, FAP and GP? PCR products were sequenced with one or both of the amplifying primers by the Australian Genome Research Facility Ltd (AGRF, Brisbane, QLD, Australia). If nonspecific background bands were present, the correctly sized bands were excised from the agarose gels, and the DNA was purified using a GelElute Extraction Kit (5 Prime, Gaithersburg, MD, USA) prior to sequencing. If sequences were still ambiguous, the PCR products were cloned into the pCR2.1-TOPO vector using a TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Bacterial colonies from LB plates supplemented with ampicillin (1.5% LB plates with 50 lg/mL ampicillin) were picked and boiled at 99°C for 10 min and used as templates for check-insert PCR. PCR mixtures (25 lL) were mixed as for the human L1 PCR, except that each of the M13 forward and reverse primers that flank the cloning site of the vector were used at a concentration of 1 lM. The PCRs were incubated at 94°C for 4 min, followed by 35 amplification cycles of 94°C for 60 s, 45°C for 60 s, and 72°C for 60 s, and the products were analyzed by agarose gel electrophoresis and then sequenced. CLC Combined Workbench software (CLC Biotech, Aarhus, Denmark) was used for DNA sequence analysis, and BLAST analysis to identify HPV types.
Statistical analysis
Statistical analysis was performed using one-tailed Fisher's exact test, and a difference was considered significant if P \ 0.05.
Results
Clinical samples of eutopic endometrial tissue from control women without endometriosis (C; n = 20) and women with endometriosis (Eu; n = 32) were tested for the presence of a broad spectrum of DNA viruses. Samples of ectopic endometriotic lesions (Ec; n = 25) from the same endometriosis patients were also tested. All samples included in this study tested positive for human L1 DNA by PCR, confirming that they all contained DNA from human cells and that no PCR-inhibitory agents were present in the samples.
Sensitivity of PCR assays
The sensitivity of all non-real-time PCRs used in this study was previously shown to range from one to ten viral copies per 50 lL [16, 21, 23, 38] , and all positive controls were successfully detected, except from HSV-1 and -2. The limits of reliable detection for the HSV-1 and -2 rtPCR assays were 100 and 10 viral copies per reaction, respectively [43, 45] . Both assays were capable of detecting their respective control samples, which suggests that unforeseen detrimental primer interactions or sequence variation may have impacted the sensitivity of the multiplex PCR HSV-1 and HSV-2 assays. The limit of detection in all WUV, KIV, and MCV rtPCR assays was 10 viral copies per reaction.
HPV prevalence in endometriosis and controls HPV DNA was detected using the primer pairs FAP [23] and GP? [16] , both designed for amplifying fragments of the HPV L1 gene of DNA from a broad spectrum of HPV types.
Of the 32 endometriosis patients, only one Eu sample (3%) tested positive for HPV DNA, and HPV was detected in the endometrium of two women from the C group (10%) ( Table 2 ). However, this difference in HPV DNA prevalence was not significantly different between the two study groups (P = 0.33). No HPV was found in the Ec group samples. There was no incidence of genital HPV infections, as investigated in cervical smears, in any of the patients or controls. The cervical smears were reanalyzed by the pathologist and did not show any sign of HPV infection correlating to the positive HPV PCR results.
The detected HPV types were sequenced directly from the PCR product or from subsequent cloning of the PCR product. HPV-70 and -90 were detected in the same sample by both PCR assays, whereas HPV-68 was detected only by the FAP PCR and HPV-35 only by the GP? PCR. HPV-35, -68 and -70 are all high-risk for mucosal lesions, whereas HPV-90 is a low-risk mucosal type. All HPV types identified were mucosal genital HPV types belonging Ec ectopic endometriosis lesions from women with endometriosis, Eu eutopic endometrium from women with endometriosis, C endometrium from healthy control women DNA viruses in the human endometrium and endometriosis 699
to the genus Alphapapillomavirus [17] . There was no incidence of genital HPV infections in any of the patients or controls, or clinical correlation to the positive HPV PCR results.
Prevalence of members of the herpes virus family in endometriosis and controls
The prevalence of members of the herpes virus family was analyzed using a multiplex PCR designed to detect the presence of CMV, EBV, and HSV-1 and -2. EBV and CMV were each found in one (3%) of the Eu samples (Table 2) , whereas the Ec and C samples all tested negative by this multiplex PCR. This difference between the Eu and C groups was not statistically significant (P = 0.62).
Where CMV and EBV were easily detected in both positive clinical and control samples, this multiplex PCR unfortunately failed to detect HSV-1 and -2 from four different control samples, and therefore, the prevalence of HSV-1 and -2 could not be determined using this method. The HSV-1 and -2 real-time PCR successfully detected the control samples, but supplementary testing with the assays did not identify any HSV-1 or -2 within any of the tissue samples.
Polyomavirus prevalence in endometriosis and controls
When testing the nested multiplex polyomavirus PCR on positive control samples, each of the viruses BKV, JCV, and SV40 were clearly detected, and all clinical samples were tested. No polyomaviruses were detected in the Eu and Ec samples. Similarly, no WUV or KIV was detected within either of the sample populations by rtPCR. MCV was detected in one C group sample (5%), and this was subsequently confirmed with both the LT3 and VP1 assays ( Table 2) . The difference in prevalence to the Eu and Ec groups with no identified MCV was not statistically significant (P = 0.39).
Discussion
The malignant and immunological processes in endometriosis could indicate the existence of a possible causal infectious agent. This study has focused on investigating the presence of the most common pathogenic DNA viruses in the endometrium and endometriotic lesions from women with endometriosis versus healthy women.
The prevalence of HPV in the tissue samples was determined by combined FAP and GP? PCR analyses. The prevalence of HPV in the endometrium of the Eu and C groups was low and not significantly different between the groups (P = 0.33). No HPV DNA was found in the endometriotic lesions of the Ec group. All HPV types detected in the endometrial tissues were genital types of the alpha-papillomavirus genus, and both high-and low-risk types were identified. The degenerate FAP and GP? primer pairs both detected HPV types that were not detected by the other primer set, albeit with some overlap between the two PCR assays. This demonstrates that the FAP and GP? PCRs are good complementary assays for detection of HPV in this type of sample.
Only one previous publication has addressed the prevalence of HPV in the endometrium as well as in endometriosis. Oppelt et al. [35] have studied 56 German endometriosis patients, out of which nine (16.1%) had been diagnosed with cervical intraepithelial neoplasia (CIN) or cervical, ovarian, or endometrial carcinoma. Sixty-six endometriosis lesions from these women were studied, of which 59 were classified as AFS stage 1-4, while seven had no available AFS classification. The authors also studied 13 women without endometriosis, of which 11 (81.8%) had CIN or cervical carcinoma. The control group consisted of 30 non-endometriosis tissue samples, both from endometriosis patients and from these non-endometriosis subjects with a clinical bias for a previous HPV infection.
Oppelt et al. [35] amplified the HPV L1 gene by PCR, and the amplicons were detected by an ELISA method using hybridization with probes that were specific for either low-risk or high-risk HPV types. HPV-positive tissues were also tested using the Invader 2.0 HPV High-Risk Molecular Assay, which recognizes only the high-risk HPV types. HPV DNA was identified in seven (11.3%) of 62 interpretable endometriosis lesions as well as in eight (27.5%) of 29 control tissues. This is not surprising when considering the high frequencies of CIN and genital carcinomas of these groups.
The sensitivity of the PCR-ELISA method used by Oppelt et al. was 1.0 pg, corresponding to approximately 80,000 copies of the viral genome, whereas the FAP and GP? primer sets used in this study can detect less than ten viral copies [16, 23] . As the primer sequences used in the PCR-ELISA were not noted, it is difficult to evaluate their specificity, and the Invader method was less sensitive than the PCR-ELISA method.
From the study by Oppelt et al., it was concluded that certain high-risk HPV types can be found in endometriosis lesions. However, as cervical intraepithelial neoplasias and malignant carcinomas are well-known to frequently be caused by HPV [42] , the detected HPV types could originate from these associated malignant transformations and might not have any association with the diagnosis of endometriosis. Furthermore, as the control group was biased, no conclusions of a possible endometriosis-associated change in HPV prevalence can be made from the Oppelt et al. study. Thus, their findings cannot be compared directly with the low HPV prevalence found in this study.
In another small clinical study, expression of human endogenous retroviruses in endometriotic tissues was detected, indicating that endogenous retrovirus expression might be involved in endometriosis [28] , but further investigations are needed to determine the significance of these results.
All clinical samples were tested by multiplex PCR for the presence of the herpes viruses CMV and EBV. The Ec lesions and the endometrial samples of the C group were all negative for these herpes viruses, whereas a low prevalence of CMV and EBV was detected in the Eu group of endometrial samples. The multiplex PCR failed to detect positive HSV-1 and -2 control samples, but a supplementary real-time PCR method successfully detected these positive controls. None of the clinical samples were positive for either HSV-1 or -2.
Finally, a nested multiplex PCR was used to test all clinical samples for the presence of the polyomaviruses JCV, BKV, and SV40, and rtPCR assays were used for detection of WUV, KIV, and MCV. One C group sample was positive for MCV, but no other polyomaviruses were detected, suggesting an infrequent presence of polyomaviruses in the endometrium.
The determined prevalence of DNA viruses in the endometrium of 0-10% is remarkably low compared with the well-known high frequencies of infection with the majority of these viruses. It is estimated that 75-80% of sexually active individuals are infected with HPV during their lifetime, with the highest rates in women younger than 25 years of age [44] . However, as the mean age of the enrolled women was between 32 and 36 years of age, most HPV infections would have been cleared by the immune system [6] . This correlates well with the fact that no patients showed genital HPV infection in cervical smears. The incidence of the recently discovered WUV, KIV, and MCV remains to be elucidated, but the seroprevalence of all other viruses tested for in this study lies within the range of 15-95% [27, 33] .
It can be speculated that the endometrium and endometriotic tissue are an unfavorable environment for virus progression, leading to a generally low prevalence in these deeper tissues. It is possible that viruses infect the endometrium transiently but are subsequently either shed with the endometrial tissue during menstruation or are rapidly cleared by an efficient immune response. In this way, stable infections of the endometrium would not be frequent. However, a pathogenic virus could theoretically initiate a malignant cell process during a shorter infectious period and then flee the scene. This ''hit-and-run'' strategy has been shown previously for CMV in vitro [14, 24] and indicated in clinical studies of both polyomaviruses and papillomaviruses [4, 5, 8, 29] . This could explain that no virus DNA was found in the lesions. To address this hypothesis, it would be interesting to test for elevated presence of serum antibodies against the viruses, which would also show previous viral infections.
To further investigate the hypothesis of an infectious agent as the cause of endometriosis, it would be interesting to perform epidemiological studies on the incidence of endometriosis compared with the use of immunosuppressive drugs, e.g. in transplant patients. A correlating elevated incidence would indicate a causal infectious agent. A broad selection of the most common pathogenic DNA viruses has been tested for in this study, but other viruses or bacteria not yet tested for could be involved.
In conclusion, the prevalence of pathogenic DNA viruses in the endometrium and endometriosis lesions is very low and does not indicate a virological cause of endometriosis. However, the existence of an infectious causal agent cannot be ruled out at this point. Further investigations are needed, and the search for the aetiology of endometriosis continues.
